ABSTRACT Molecular phylogenetic methods were used to examine a number of morphologically based hypotheses concerning the taxonomic relationships and origin of the grasshopper subfamily Melanoplinae. This paper focuses on several North American genera and their interrelationships and connections with taxa on other continents. Portions of four mitochondrial genes (coding for cytochrome b, cytochrome oxidase subunits I and II, and NADH dehydrogenase subunit II) were sequenced in 17 North American species representing 13 genera, along with Þve and eight species from South America and Eurasia, respectively. Phylogenetic trees were constructed using maximum parsimony, weighted parsimony, neighbor-joining, and maximum likelihood methods. Bootstrap replications provided levels of conÞdence for recovered associations.
THE MELANOPLINAE CONSTITUTE the third largest subfamily of Acrididae, with more than 900 species distributed throughout Eurasia and the Americas (Otte 1995) . The subfamily is the most speciose in North America, where it is numerically dominated by one genus, Melanoplus Stål. The latter includes more than 230 species and accounts for more than 60% of all Melanoplinae on that continent. Each of the remaining 31 North American genera has at most 10 species, although more than one half contain fewer than three species (Otte 1995) . Different investigators have organized the subfamily into two, three, four, or seven tribes (Rehn and Randell 1963; Otte 1995; Vickery 1987 Vickery , 1997 . In effect, these systems are not contradictory but are, on the whole, hierarchically connected, with, for instance, subtribes in one scheme being treated as tribes in another. The tribe Podismini is common to most lists, with the exception of one (Otte 1995) , in which it has been elevated to the rank of subfamily. In works by Otte (1995) and Vickery (1997) , tribes are named but, apart from nominate species, no taxa are actually assigned. The three tribes, Dactylotini, Melanoplini, and Podismini, deÞned by Rehn and Randell (1963) , comprise the most comprehensive scheme and, for purposes of discussion, will be the one adopted here, at least with respect to the northern taxa [organization of South American Melanoplinae is currently under reviewÑsee Amé d-é gnato et al. (2003) and for now will not be assigned to a tribe]. With respect to phylogenetic relationships among tribes or subtribes, very little information is provided in the literature. Our previous molecular phylogenetic research focused on elucidating relationships within Melanoplus (Chapco and Litzenberger 2002) and among Eurasian (Litzenberger and Chapco 2001a) and South America (Chapco et al. 2001 , Amé dé gnato et al. 2003 genera. In this paper, similar analyses were performed on selected North American genera. Our goals were to determine their phylogenetic relationships within the subfamily and to test the validity of tribal and subtribal groupings as proposed in the literature.
Materials and Methods
Thirteen North American genera were analyzed (Table 1) . Four species of Melanoplus were included, representing the spectrum of nucleotide diversity within the genus (Chapco et al. 1999, Chapco and Litzenberger 2002) . To examine relationships with respect to melanoplines on other continents, sequences from eight Eurasian genera (Litzenberger and Chapco 2001a) and Þve South American genera (Amé dé gnato et al. 2003) were added. Locusta migratoria (L.), a member of the subfamily Oedipodinae (Chapco et al. 1997) , served as the outgroup taxon.
DNA was extracted from freshly collected and museum specimens using a standard phenol extraction method (Marchant 1988 ) and the CTAB/DTAB method of Phillips and Simon (1995) , respectively.
Portions of four mitochondrial genes, cytochrome b (cyt b), cytochrome oxidase subunit II (COII), NADH dehydrogenase subunit II (ND2), and cytochrome oxidase subunit I (COI) were analyzed. Sequences were obtained from either ampliÞcation of entire gene fragments or, in the case of many museum specimens, from ampliÞcation of a number of smaller overlapping polymerase chain reaction (PCR) fragments. Primer sequences and PCR ampliÞcation conditions are described in Chapco (2001a, 2001b) .
Sequences were easily aligned by visual inspection and imported into MacClade version 3.01 (Maddison and Maddison 1992) . Phylogenetic relationships were inferred using maximum parsimony (MP), weighted parsimony (wMP) according to FarrisÕ (1969) iterative reweighting scheme, and the neighbor-joining (NJ) method (Saitou and Nei 1987) , all available in the software package PAUP, version 4.0b4a (Swofford 2001) . All parsimony searches were undertaken with different combinations of addition sequence and branch swapping algorithms in attempts to Þnd the most parsimonious tree(s). For distance-based analyses, pair-wise sequence differences were compared using the Kimura 2-parameter (K2) transformation (Kimura 1980) . Levels of support for clusters recovered from parsimony and distance analyses were estimated using 1000 bootstrap replicates. Heuristic maximum likelihood (ML) searches were performed using the "as is" addition sequence and the TBR branch swapping algorithm. The likelihoods of trees representing alternative hypotheses with respect to subtribal afÞliations were compared using the Kishino-Hasegawa test (Kishino and Hasegawa 1989) , which is also available in PAUP. Missing sites were treated as unknown in parsimony analyses and ignored in pair-wise comparisons for distance analyses. For all analyses, the four sequences were treated as a combined unit, a maneuver that, as in all our previous studies (Chapco et al. 2001; Chapco 2001a, 2001b) , resulted in improved resolution and bootstrap support when compared with the outcomes of single gene studies. Rehn and Randell (1963) Vickery (1987) Otte (1995) Vickery (1997); Skareas and Hsiung (1999) North America
Results and Discussion
Sequence data consisting of 1716 bases have been deposited in GenBank (Table 1) . Across the four genes, 741 sites were variable and, of these, 488 were phylogenetically informative. Maximum parsimony searches yielded a single most parsimonious tree of length 2209 steps and consistency index, 33.7%. Weighted parsimony also recovered a single tree but with a higher consistency index of 49.0%; its length equaled 251.3. By codon position, 117 Þrst, 30 second, and 341 third positions were phylogenetically useful.
Maximum resolution was achieved using wMP (Fig. 1) . The topology is identical to that using MP and, where there is resolution (bootstrap values Ͼ50), it is identical to the NJ tree. The cladogram depicted in Fig. 1 is also the one with the highest likelihood (-ln L ϭ 15103.60).
Podismini
From the topology shown in Fig. 1 it would appear that this tribe constitutes a paraphyletic group. One North American podismine, Bradynotes, is outside the main cluster and is more closely aligned with Dactylotum, a member of the tribe Dactylotini. Bootstrap support for their afÞliation, however, is not strong. Furthermore, forcing monophyly by splitting Dactylotum and Bradynotes and making the latter basal to all podismines, does not signiÞcantly alter the topology (⌬ln L ϭ 10.97 Ϯ 6.40; P ϭ 0.09). These data, therefore, do not provide strong evidence against monophyly of the tribe.
In a previous study, Eurasian podismines were shown to be monophyletic (Litzenberger and Chapco 2001a) , but now, with the inclusion of North American taxa, they appear paraphyletic, with one Eurasian genus, Parapodisma, external to all Podismini excepting Bradynotes. However, repositioning Parapodisma such that Eurasian podismines are constrained to be monophyletic results in a tree not signiÞcantly different from the most probable topology (⌬ln L ϭ 18.40 Ϯ 11.20; P ϭ 0.10). Eurasian podismine monophyly, therefore, is not rejected. Viewing Eurasian podismines as monophyletic has the additional appeal of requiring only a single migration event from North America to Eurasia, one less than the two if Eurasian taxa were paraphyletic (see below).
The same can not be stated for North American podismines. The external position of Bradynotes renders the Nearctic podismines paraphyletic, but in this case forcing monophyly by making Bradynotes basal to Asemoplus does result in a highly signiÞcant departure from the most-likely tree (⌬ln L ϭ 43.14 Ϯ 17.41; P ϭ 0.01). With respect to eastern and western podismines, neither forms a monophyletic group. Manipulation of branches so that each group is rendered monophyletic results in a highly signiÞcant alteration of the ML tree (⌬ln L ϭ 118.3 Ϯ 25.6; P Ͻ 0.001).
Relationships derived from these analyses lead to some interesting comparisons with the conventional literature. For example, Skareas and Hsiung (1999) , on the basis of internal male genitalic characters, claim a relationship between the eastern podismines Appalachia and Dendrotettix. Our results also support (100% using wMP) this association. However, Rehn and Randell (1963) link these genera with another eastern North American podismine, Booneacris, and selected Eurasian taxa (e.g., Podisma Berthold), placing them in Podismae, one of four "groups" [a rank equivalent to that of subtribe in Fontana and Vickery (1976) ; Podismae ϭ their Podismina]. Fontana and Vickery (1976) using cytological characters deviate from this allocation by assigning Booneacris to another subtribe, Miramellina (Table 1) . Clearly, neither subdivision scheme is supported by our molecular data (Fig. 1) . In another system, Rehn and Randell (1963) assigned the western podismines Asemoplus, Bradynotes and Buckellacris to the "group" Bradynotae (elevated to the rank of tribe in Vickery and 1997) . However, after careful examination of genitalic traits, Skareas and Hsiung (1999) concluded that this taxon is "rather diverse, with no signiÞcant similarities." Given the molecular phylogeny and the above statistical analysis, we concur that this "group" (or tribe) is not monophyletic.
Dactylotini
The tribe Dactylotini has been recognized by several authors (Rehn and Randell 1963 , Otte 1995 , Vickery 1997 , although the contents of this tribe were only provided by Rehn and Randell (1963) . Among its members, Hesperotettix Scudder, Dactylotum, and the South American Dichroplus Stål were studied here and, as is evident from Fig. 1 , there is no association among them. In Skareas and HsiungÕs (1999) morphological examination of genitalic traits in Hesperotettix and Dactylotum, they had difÞculty identifying features that separated them from Melanoplini; nevertheless, they recommended placing the two into a new subtribe, Dacylotina. However, there is no statistical support for such an association: Forcing Hesperotettix and Dactylotum to be sister taxa results in a signiÞcant alteration of the topology (⌬ln L ϭ 33.70 Ϯ 15.12; P ϭ 0.03). Treating Dactylotini either as a tribe or a subtribe of Melanoplini is therefore questionable.
Melanoplini
The clade containing all Melanoplus species, Phoetaliotes Scudder and Hypochlora is highly supported (100% bootstrap support) employing all tree building methods. The close clustering of these genera is in agreement with their placement in the tribe Melanoplini by Rehn and Randell (1963) . An earlier study involving many more species of Melanoplus situated Phoetaliotes well within the latter (Chapco and Litzenberger, 2002 ) and a change of name was recommended. Basal to these genera is Hesperotettix with 83% bootstrap support using wMP. This association concurs with VickeryÕs (1987) two-tribe division of the Melanoplinae (Table 1) . According to his scheme, the tribe Melanoplini also includes Dactylotum, Aeoloplides, and Barytettix, but from Fig. 1 it would appear this is not the case. However, their positions as depicted in the topology are not strongly supported. Indeed, a tree in which all Melanoplini, as deÞned by Vickery (1987) , are constrained to be monophyletic with the trio Dactylotum, Aeoloplides and Barytettix occupying a basal position to Hesperotettix . . . . Melanoplus is not signiÞcantly different from the most likely topology (⌬ln L ϭ 12.72 Ϯ 15.41; P ϭ 0.41). Thus, there is no reason to reject the hypothesis of monophyly on the part of the tribe, but as deÞned by Vickery (1987) .
On the basis of shared male genitalic characters, Skareas and Hsiung (1999) proposed uniting Aeoloplides, Hypochlora and Phoetaliotes into a separate (unnamed) subtribe within Melanoplini. Given the disparate positions of these genera in our molecular tree, we question the validity of so doing. Morphological similarities noted by Skareas and Hsiung may possibly be the result of convergent evolution.
The strongly supported grouping (93% using wMP) of Aeoloplides and Barytettix Scudder is interesting in that both genera were classiÞed by Rehn and Randell (1963) as "atypical" members of the tribe Melanoplini. However, apart from this statement, there is nothing in the literature that would predict a connection between these genera. Cohn and Cantrall (1974) erected a new tribe, Conalcaeini, for Barytettix and a related genus, Conalcaea Scudder, but as yet, an evaluation of this claim has not been undertaken.
Phylogeography
Our previous study (Amé dé gnato et al. 2003) identiÞed South America as the place of origin of the Melanoplinae. Results also suggested that movement into North America Ϸ65 Ma was followed, Ϸ10 My later, by incursion into Eurasia. The times of these events were estimated by applying an "orthopteroid clock," Þrst described by Chapco et al. (2001) . [This clock was calibrated using transversional substitutions, for which there is evidence of linear accumulation over time, and fossil data that link Caelifera and Ensifera (see references and data in Chapco et al. 2001) . A rate of 0.04%/My/lineage emerged from these considerations.] The inclusion in this study of Nearctic podismines and other North American genera has strengthened our hypothesis because the basal and paraphyletic position of North American podismines, relative to Eurasian taxa, Þts very well the South American origin model. One possible location for the evolution of podismine taxa is the American southwest, often cited as an evolutionary center of North American melanoploid radiation (Rehn 1958 , Vickery 1989 . Multiple migrations could then account for the present eastern and western distributions of podismines. Dispersal into Eurasia was probably westward via the Bering Land Bridge, an inference derived from the phylogenetic position of the western species Bradynotes relative to the remaining podismines and the basal position of east Asian genera (Fig. 1) . This inference is opposite to earlier conjectures that western and eastern podismines (now shown not to be monophyletic) were established by dispersal from the Palearctic via two intercontinental land routes on opposite sides of the North American continent. Figure 2 is a summary of the major phylogeographic events within the subfamily as interpreted from the collective results and analyses. This tree takes into account the outcomes of the above tests of monophyly (Eurasian podismines and North American melanoplines monophyletic; North American podismines paraphyletic). The resultant topology is more parsimonious than the tree in Fig. 1, requiring (Donnelly 1988) . [Divergence in the South American continent occurred much earlier Ð see also Amé dé gnato et al. (2003)]. After dispersal into the Nearctic, evolution continued at a relatively rapid pace; the common ancestor of all North American groups occurred only Ϸ10 My later. Ancestors of all extant groups (including Palearctic forms) were present within 10 Ð15 My of North American inhabitation. A Nearctic origin for many melanoploids was also inferred by Rehn and Randell (1963) who noted that variation and endemism was most prevalent among North American taxa; however, this was claimed as evidence for a North American center of origin for the entire subfamily.
Although these data support the contention that Eurasian colonization, during a period of relatively rapid speciation, followed the occupation of North America, a precise explanation of the historical processes leading to these events is difÞcult to determine. The early Tertiary was a relatively warm period in history (Novacek 1999 ) making conditions for insect activity, including dispersal, favorable. Also, according to Labandeira and Sepkoski (1993) , insect diversity, as inferred from the fossil record, increased sharply during the middle Tertiary (Ϸ 40 Ma), although, because of sampling biases, the actual increase may have begun earlier.
The Cretaceous-Tertiary boundary (65 Ma) also marks a period of substantial change with respect to faunal composition in taxa such as mammals, birds, lizards and freshwater Þshes (Alroy 1999 , Novacek 1999 . It is reasonable to assume that insects such as "short-horned" grasshoppers, Þrst recorded from the Cretaceous (Novacek 1999) , underwent a similar radiation.
